We investigated whether and how adaptive changes in saccadic amplitudes (short-term saccadic adaptation) modify hand movements when subjects are involved in a pointing task to visual targets without vision of the hand. An experiment consisted of the pre-adaptation test of hand pointing (placing the finger tip on a LED position), a period of adaptation, and a post-adaptation test of hand pointing. In a basic task (transfer paradigm A), the pre-and post-adaptation trials were performed without accompanying eye and head movements: in the double-step gaze adaptation task, subjects had to fixate a single, suddenly displaced visual target by moving eyes and head in a natural way. Two experimental sessions were run with the visual target jumping during the saccades, either backwards (from 30 to 20°, gaze saccade shortening) or onwards (30 to 40°, gaze saccade lengthening). Following gaze-shortening adaptation (level of adaptation 79±10%, mean and s.d.), we found a statistically significant shift (t-test, error level P<0.05) in the final hand-movement points, possibly due to adaptation transfer, representing 15.2% of the respective gaze adaptation. After gaze-lengthening adaptation (level of adaptation 92±17%), a non-significant shift occurred in the opposite direction to that expected from adaptation transfer. The applied computations were also performed on some data of an earlier transfer paradigm (B, three target displacements at a time) with gain shortening. They revealed a significant transfer relative to the amount of adaptation of 18.5±17.5% (P<0.05). In the coupling paradigm (C), we studied the influence of gaze saccade adaptation of hand-pointing movements with concomitant orienting gaze shifts. The adaptation levels achieved were 59±20% (shortening) and 61±27% (lengthening). Shifts in the final fingertip positions were congruent with internal coupling between gaze and hand, representing 53% of the respective gaze-amplitude changes in the shortening session and 6% in the lengthening session. With an adaptation transfer of less than 20% (paradigm A and B), we concluded that saccadic adaptation does not "automatically" produce a functionally meaningful change in the skeleto-motor system controlling hand-pointing movements. In tasks with concomitant gaze saccades (coupling paradigm C), the modification of hand pointing by the adapted gaze comes out more clearly, but only in the shortening session.
Introduction
The metrics of saccadic eye movements need to be continuously adjusted or adapted to changing environmental conditions. Extraocular muscle paresis, for example, elicits a compensation of the reduced saccadic amplitude over a few days of weak eye viewing (Kommerell et al. 1976; Abel et al. 1978; Optican and Robinson 1980; Inchingolo et al. 1991) . A much faster process of saccadic adaptation is induced when post-saccadic visual error is artificially modified by slightly displacing the saccade target during the ongoing movement, taking advantage of the saccadic suppression phenomenon [Bridgeman et al. 1975 [Bridgeman et al. , 1994 . Repeating this double-step stimulation leads to a gradual modification of the primary saccade until, after some hundred trials, the primary saccade brings the eye directly onto the final target position. This short-term saccadic adaptation paradigm has mostly been used to increase or decrease saccade size (McLaughlin 1967; McLaughlin et al. 1968; Weisfeld 1972; Henson 1978; Mack et al. 1978; Miller et al. 1981; Snow et al. 1985; Deubel et al. 1986; Deubel 1987 Deubel , 1995 Semmlow et al. 1989; Albano 1992 Albano , 1996 Goldberg et al. 1993; Frens and van Opstal 1994; Straube et al. 1997) and to modify saccade direction (Deu-bel 1987; Chaturvedi and van Gisberger 1997) . Recently, de Graaf et al. (in preparation) have observed that gaze shifts performed with the head unrestrained adapt in the same way as eye saccades studied in the head-fixed condition, which could suggest that adaptation is not an effector-specific process. Although short-term saccadic adaptation is a well-known phenomenon, the underlying neural mechanisms are still not understood and are the subject of intensive experimental investigations.
While a parametric adjustment of saccade gain was proposed to account for short-term adaptation of saccadic amplitude (McLaughlin 1967) , increasing evidence argues for the existence of a "restricted adaptation field", within which adaptation strength decreases progressively as the target differs from the adapted one (Miller et al. 1981; Semmlow et al. 1989; Abrams et al. 1992; van Opstal 1994, 1997; Chaturvedi and van Gisbergen 1997) .
A question that pertains to the nature of saccadic adaptation is whether adaptive readjustment of visually elicited saccades transfers to other types of eye movements. Recent investigations of this issue have revealed the lack of adaptation transfer from internally triggered to reflexively triggered saccades towards visual targets in man (Erkelens and Hulleman 1993; Deubel 1995) and vice versa. On the contrary, in rhesus monkeys transfer of adaptation among saccades of different types have been found (Fuchs et al. 1996) . In addition, in man, a study dealing exclusively with reflexively triggered saccades showed a transfer between saccades towards a visual target and saccades towards an acoustic target (Frens and van Opstal 1994) . The latter data suggest that adaptation occurs within the efferent limb of the sensory-motor pathways. It takes place at the level at which sensory signals from the visual and acoustic modalities have already converged, but, in humans, upstream the final common pathway (brainstem saccadic-pulse generator) involved in the execution of all saccade types. In any case, tests of saccadic adaptation transfer may provide information about both the locus of saccadic adaptation and the organization of neural systems involved in different types of saccades (Fuchs et al. 1996) .
In the present study, our goal was to test the existence of any transfer or mediation of saccadic adaptation to movements of the hand while pointing at a visual target. We explored two cases: a pure transfer of adaptation and an adaptation shift to hand movements during coupled gaze and hand responses. In the course of the study, we modified some conditions of saccadic adaptation as well as conditions under which hand-pointing responses were tested. Under some we found a weak transfer, but not under others. Instead of the usually applied eye-saccade adaptation, we adapted the gaze amplitude. This enabled us to adapt visually fixating movements larger than 20°. Such large movements could be better related to arm movements of a size that were precisely measurable in our experimental set up. Some original data (paradigm B) were previously published as a short note (De Graaf et al. 1995) ; the raw data are now submitted to a defined quantitative approach for comparison with the other data.
By definition, transfer of short-term adaptation of saccadic gaze movements will be revealed when movements of body parts not involved during the adaptation phase are modified after adaptation, even when executed without concomitant gaze movements. Thus, transfer would indicate the existence of adaptation-induced modifications not only in neural circuits controlling gaze saccades specifically, but also in others. To our knowledge, McLaughlin et al. (1968) were the first to test the existence of saccadic adaptation transfer to hand pointing; however, they found none. The small number of repetitions (11) of the double-step stimulation, even if sufficient to induce a surprisingly large saccadic adaptation, may not have been sufficient to reveal any significant modification of hand pointing. Contrary to transfer of adaptation, the observation of adaptation transmission under coupled eye and hand responses may reveal a synergistic reading of the efferent oculomotor signals by the hand motor control system.
Materials and methods

Experimental set-up
Thirty-nine experimental sessions were performed in 18 subjects seated in a comfortable chair in front of a table (tilted 23°to the horizontal), on which images of LEDs were mirror-projected (Fig.  1A) . The LEDs appeared on three circles concentric around a center point, C, (Fig. 1A,B ) located roughly 40 cm below the eyes in the subjects' midsagittal plane. The LEDs of the intermediate circle (radius 62 cm) served as targets for gaze saccades and hand pointing. The LEDs of the outer and inner circles were only used with lower luminosity in paradigm C to provide a field stimulation (a set of three LEDs at the same eccentricity). The intermediate LED just in front of the subject (T 0 ) was the starting point for all gaze movements. In the following, the position of the LED images on the table will denoted in degrees with respect to C and T 0 . The distance eye-T 0 was also 62 cm.
Head-and eye-movement measurements
A helmet connected to a potentiometer measured head rotation about the yaw axis without preventing subjects from bending their head slightly (12-20°) to achieve a convenient position. Horizontal eye movements were recorded by means of the electro-oculography (EOG). Advantages of the EOG-technique were that it did not induce any discomfort to the subjects, even after long recording periods and, particularly, in a task requiring rapid head movements. The DC-EOG had been proved to be sufficiently suited for the recording of large, horizontal eye movements. Sensitive surface electrodes were placed bi-temporally near the external canthus of the orbitae. A DC-coupled amplifier was used, as well as a lowpass filter (cut-off frequency 30 Hz) and a 12-bit A/D converter for data acquisition. Calibrations were performed by measuring the EOG-signal when the subject accurately fixated nine targets between 40°left and right. The calibration was performed at the beginning and the end of the recording period. A polynom was fitted to the measured calibration values to construct a look-up table (10-bits or 5°resolution), which was used to convert off-line the EOG-voltages of the whole experiment into a calibrated and linearized signal of the horizontal gaze component. Every 4-10 s (at the onset of a trial), the DC-drift was set to zero and the EOGvoltage was computerized only over the following 2 s. For further details and the calibration procedure see Prablanc et al. (1986) and Pélisson and Prablanc (1988) . Calibrated eye and head signals were added to provide the angular position of the gaze in the yaw direction.
As the location of the center point, C, of the LED circles and the position of the eyes differed (Fig. 1) , the size of the horizontal component of the targeting eye movements were different from the indicated eccentricities of the LEDs. When indicating the target positions and the required gaze movement to reach them, we will speak of eccentricities with respect to T 0 and C (10, 15, 20, 30, 40, 45°) throughout the text. For the computations of movement amplitudes shown below (a 1 -a 4 ), we used the true horizontal eye, head, and gaze amplitudes. The horizontal gaze component necessary to fixate the respective targets were 9. 9, 14.6, 19.6, 28.9, 37.6, 41.7° .
The position of the index-finger tip was continuously recorded by means of a 2-D infrared system (Urquizar and Pélisson 1992 ). An electric contact between finger tip and table marked beginning and termination of hand movements. Unless otherwise specified (see below), experiments were performed in a totally dark room and after the subjects had been dark adapted. In all experiments but two, the peripheral LEDs appeared on the right side, and the subject's right hand was used for pointing. Some data of a lefthanded subject were obtained on the left side (sessions JK2, JK3) and were added to the others after mirror-imaging the results onto the right side.
Experimental protocols
Each experiment consisted of three phases: a pre-adaptation test of hand pointing, a period of gaze adaptation, and a post-adaptation test of hand pointing identical to the pre-adaptation test. The preand post-adaptation tests consisted of 30-50 hand movements each. For all three phases, a trial started with presentation of T 0 . The subjects then aligned their head with T 0 (±1°tolerance range) and fixated T 0 , while the EOG signal was set to zero to eliminate any residual drift. For the hand-movement phases, the procedure was as follows: when T 0 was turned off, a peripheral target was simultaneously lit, and the subjects were requested to touch it with the tip of the index finger. In the following, such movements will be called pointing. At the end of a pointing trial, T 0 went on again, and the subjects had to return the finger to the starting position. In some experiments, the hand was illuminated during rest at the starting position, S (Fig. 1) , but it could never be seen during the ongoing hand movement. During the saccadic-adaptation phase, subjects were instructed always to fixate the currently illuminated LED and to follow target-position changes immediately. When T 0 disappeared, a peripheral stimulus went on (target T 1 ). While the subjects were performing a gaze movement towards T 1 , it disappeared and another stimulus (T 2 ) was simultaneously turned on. The target jump from T 1 to T 2 was elicited during the primary saccade by an electronic threshold device fed with the gaze velocity signal. Each peripheral target (T 1 and T 2 ) consisted of either a single LED of the intermediate circle (transfer paradigms) or of three LEDs located on the three circles at the same eccentricity, defining a radial segment (coupling paradigm). Different paradigms were used to test whether gaze saccadic adaptation affected hand-pointing movements with (paradigm C) or without concomitant orienting gaze shifts (paradigms A and B).
Transfer paradigms
In paradigm A, only one double-step target was presented to the subjects in the adaptation phase, and, in paradigm B, three different double-step targets were presented. In both series, the subjects were instructed and trained not to move eye and head during hand pointing. When they did it inattentively, all LEDs were immediately turned off, the trial was omitted from the recording, and the next one initiated. For egocentric pointings, the starting point (S) of the index finger movements was located in the midsagittal line, 23.5 cm anterior to the center of the LED circles (Fig. 1) . Paradigm C (coupling paradigm). Four subjects participated. In the pre-and post-adaptation periods, the subjects were asked to move their eyes, head, and hand towards the peripheral target in a way they usually would do when looking and pointing at a target simultaneously. To prevent disadaptation, the peripheral LED disappeared immediately at gaze movement onset. The starting point of the invisible hand movements was T 0 . In the adaptation phase, a total of 120-270 double-step trials was presented. In the saccade 
Paradigm D (null-adaptation experiments).
Control experiments were performed in nine subjects to assess the consistency of handpointing movements and, specifically, to test the possibility that a shift in the final hand-movement points was not related to saccadic adaptation, but, e.g., to repetitive execution of eye and head movements. For this purpose, hand pointing to visual targets was performed under the same condition as in the transfer paradigm A, but, instead of a displaced target, we presented a single stationary target at 30°during the pseudo-adaptation period.
Evaluation of gaze adaptation
During the primary gaze saccade, T 1 was replaced by T 2 , and subjects executed a corrective saccade to align the line of sight with T 2 (Fig. 2A) . a 2 designates the total amplitude of the gaze primary saccade and a 1 the head component amplitude obtained at the end of the primary saccade; similarly, a 4 and a 3 designate gaze and head angular deviations measured 1.5 s after the beginning of the trial when eyes and head were stationary and the subject, as requested, was accurately fixating T 2 . Recall that the EOG signal was set at zero before each trial. Due to possible EOG gain fluctuations along the length of an experiment, the measured gaze positions could slightly differ from the computed ones; however, a 4 provided an additional trial-by-trial calibration of gaze while the subjects fixated T 2 . Therefore, for each trial, the scaling factor (a 4 -a 3 )/(T 2 -a 3 ) was computed to finely correct the eye component. As the whole EOG recording was already scaled according to the calibration at the beginning and the end of the experiment, the additional scaling corrections varied only slightly between 0.9 and 1.1. A further correction factor, k, was introduced to account for the known systematic undershoot of saccadic responses to stationary targets. The amount of undershoot had been determined and used in an earlier study in ten subjects (six of which also participated in the present study) conducted under comparable conditions in the same laboratory (Kröller et al. 1996) . The associated average gain of the saccades was 0.971 (slightly larger than commonly observed) and, in Eq. 1, k is its inverse. Then, we put together these corrections in the following Eq. designed to provide Fig. 2 Determination of amount of adaptation (A) and relative hand shift (B). A Recording of the horizontal electro-oculography and head rotation (ordinate) during an adaptation trial with LED-perturbation from 30°(T 1 ) to 45°(T 2 ). a l -a 4 indicate amplitudes determined from gaze and head-position trajectories necessary to estimate the amount of adaptation: a 1 head displacement at the end of the primary saccade, a 2 gaze position at the end of the primary saccade, a 3 final head position, a 4 final gaze position (for further details see Methods). B Each finger-tip end position of the pre-adaptation and the post-adaptation pointings (small filled circles) was projected onto the T1-T2 connection line, and then the average sites on this line were computed (mean pre, mean post). The distance between the two averages (a, mean pre-post shift) yielded a length that provided the relative hand shift (RHS), when expressed in relation to the T1-T2 distance b. The direction of the T1-T2 connection line on the table is given by the angle γ an estimate of adaptation for each trial. For saccade-lengthening and saccade-shortening sessions, the adaptation rate of a single trial was:
A s is zero if the primary saccade (being corrected for undershoot) ends at T 1 and has a value of unity if the primary saccade is targeting T 2 , which would mean full adaptation. For each adaptation period, A will define the final amount of adaptation achieved. It is the average of the A s -values of the last five trials.
Evaluation of hand-pointing shifts
The hand-pointing task of touching a target required a positioning of the finger tip in two dimensions. To measure modifications in the hand pointings due to saccadic adaptation, we determined the difference in finger end positions between the pre-adaptation and the post-adaptation period (further called shift). Adaptation was expected to result in hand-position shift that parallels the saccadic gaze shift, and, therefore, we computed the mean component of hand position shift parallel to the line connecting T 1 to T 2 . Figure  2B illustrates the approach for a saccade-lengthening session: the line "subject -anterior" marks the body sagittal axis, only the right half of the pointing table is shown. First, the projection of each finger end position onto the T 1 -T 2 connection line was computed. By means of this computation, we reduced the pointings in two dimensions to a one-dimensional event. Then, the mean position on the connection line was computed separately for the pre-and postadaptation period. Student's t-test (paired, two sided), was used to assess significance levels for the difference between the mean of the pre-and post-adaptation pointings.
Definitions of relative hand shift, transfer rate, and coupling rate
The ratio "shift along T 1 -T 2 -connection line/distance T 1 -T 2 " provided the relative hand shift (RHS). A positive or negative RHS indicates a shift in the direction expected from an adaptation effect or in the opposite direction, respectively. The ratio "relative hand shift/adaptation rate" will be called transfer rate (TFR, paradigm A and B) or coupling rate (CLR) in paradigm C. All values will be given as percentages. Mean and standard deviation of A, RHS, and TFR or CLR computed over all subjects participating in a session (grand averages) are listed in Table 1 .
Results
Transfer paradigm A
In this paradigm, we used one peripheral target (30°) during the adaptation phase that was displaced by 10°in-wards or outwards when the saccade was performed. We first applied a direct approach to analyzing the data, which was simpler than computing RHS and TFR (Fig. 3) .
This approach was based on the two-dimensional coordinates of the finger tip positions (given in mm). For each experiment, the differences between the mean finger end position of the pre-adaptation and the post-adaptation pointings were plotted in a posterior-anterior/leftright coordinate system (Fig. 3, upper diagram) . In this diagram, data from all eight experiments (seven subjects) in the shortening and the lengthening session are given. In each case, the mean location of the pre-adaptation pointings was placed at the center of the coordinate system. Plotting the mean position of post-adaptation pointings (Fig. 3 , open symbols) in this coordinate system directly illustrates the amount and direction of hand shifts. The distance between T 1 and T 2 .was 108.1 mm. Filled symbols in Fig. 3 represent the averages computed across all eight experiments. For the saccade-shortening session, the grand average of the finger-movement terminations was shifted in the direction towards T 2 , as expected from adaptation transfer. The comparable shift for the saccadelengthening sessions, however, was inconsistent with the assumption of adaptation transfer: T 2 was located to the right and posterior to T 1 (Fig. 1) ; the hand-position shift, however, was directed towards the left and anterior and was therefore antiadaptive. This discrepancy let us run a control paradigm in nine subjects (Fig. 3, lower not deviate significantly from the mean shift computed only on the 30°pointings. For an overall statistical evaluation on any possible effect due to adaptation in paradigm A, we compared the shift in the finger-movement termination (Fig. 3, upper  diagram) between pre-and post-adaptation test to the respective shift of the nine controls (Fig. 3, lower diagram) . A difference in these shifts would be a clear-cut indication whether an influence due to adaptation exists at all. Under the hypothesis of existing transfer, this difference should have a significant component in the direction of the T1-T2 connection line of the adaptation period. In other words, the data points, as seen in Fig. 3A and B, were placed in a common coordinate system. Then a computing procedure similar to the one explained in Fig. 2B was applied; i.e., the data points were projected onto the T 1 -T 2 connection line in order to remove the radial components of the pointing. Shifts in control pointing were compared to shifts in pointing of the shortening session and the lengthening session. The result was a significant adaptation transfer in the saccade shortening session (P=0.038); whereas, in the saccade-lengthening sessions, the shift was in the anti-transfer direction and not significant (P=0.15).
The question whether some dependency of the handpointing shift on the degree of adaptation exists required a more detailed separate analysis for each subject. In the further analysis, we focused on the position difference between pre-and post-adaptation pointings of the adaptation data only, and we concentrated our analysis on the hand pointing to the 30°target. Therefore, the amount of saccadic adaptation and the relative hand shift (RHS as described in Methods) between the pre-adaptation and post-adaptation final finger-tip positions were computed. shown. Instead of an adaptation period, gaze movements towards a non-jumping 30°target were required. The shift averaged over all subjects and the four pointing movements is marked by a filled circle. Number of gaze movements required in the adaptation period: 1 subject: 120, 6 subjects: 180, 2 subjects: 240 Table 1 . In Figs. 4 and 5, subscripts 1-3 indicate the following differences in protocols: subscript 1 denotes that, in the preand post-adaptation period, the hand resting at the starting position was illuminated by a dim spot light (Prablanc et al. 1979 , Rosetti et al. 1994 , which was immediately extinguished upon the onset of hand movement, ensuring that hand movement could not be controlled via visual feedback. When the subjects made involuntary gaze movements after the peripheral LED onset, the peripheral LED was immediately switched off and the trial repeated. In the adaptation periods, 240 trials were performed (120 trials for subject LG, Fig. 4 ). Subscript 2 denotes that subjects were trained not to move the eyes during the pre-and post-adaptation phases when the peripheral LED came on, and stability of the eyes was controlled through an on-line display of the EOG signal. The LED was not controlled by the gaze movement. 180 adaptation trials were performed. Subscript 3 denotes that same conditions as in subscript 1 prevailed, except for 180 adaptation trials.
On average, the amount of adaptation achieved was 79% for saccade shortening and 92% for saccade lengthening sessions. Regarding hand pointing, it became apparent that the subjects tended to displace the final finger positions towards the left (i.e., to the body sagittal plane), which was in the transfer direction, expected for saccade shortening adaptation, but in the opposite direction for saccade lengthening adaptation. On average, the relative hand shift of 11% (i.e., adaptive) for the saccade shortening was significant (P=0.02). It was -15% (i.e. antiadaptive) for the saccade-lengthening session, but was not significant (P=0.135). The respective average transfer rates (TFR) were about 15% and -19%. A correlation analysis between the amount of adaptation and the relative hand shift (dependent variable) yielded the following results: for saccade shortening, we found a significant (P<0.01) negative correlation (slope = -0.877, r = -0.879); whereas, for saccade lengthening, the correlation did not deviate significantly from zero (slope = 0.274, r = 0.366).
In Figs. 4 and 5, we could not detect clear effects dependent on the various conditions. Instead, the results seem to be influenced by some individual movement patterns. For example, subjects CP, DP, and PW exhibited a tendency to always point more to the left after the adaptation period of both the shortening and lengthening sessions. In CP and PW, this movement pattern was also observed in the control experiments. In contrast, subject MT's hand pointing was shifted more to the periphery in all three conditions. The computation of relative hand shifts was also applied to the pointing to the 30°target of the control experiments. For each experiment of the "null adaptation" session, the component of the shift in the direction of the T1-T2 connecting line of paradigm A was computed. Note that the direction of the connecting line is different in the shortening and the lengthening sessions. Then, the shift between the pre-and the post-test was set in rela- Fig. 4 tion to the T1-T2 distance of 108.1 mm. The result was the "pseudo RHS"; its value for the corresponding subjects is indicated in Figs. 4 and 5 by dashed lines. For all nine subjects of this paradigm, the average pseudo-RHS was 0.7% (shortening) and 1.1% (lengthening). For the subgroup of subjects that participated in both the "null adaptation control" and the true transfer experiments, it was 9.4% or gain shortening and 1% in the gain lengthening direction.
Transfer paradigm B
We intended next to compare the present data with the shifts previously evaluated in final finger positions in a triple-displacement paradigm (De Graaf et al. 1995) . Therefore, we submitted some of the raw data of this paradigm to the present computing procedures to determine the amount of adaptation and relative hand shift. From the five pointing movements, we selected those directed towards the T 1 targets. They were obtained under the same conditions as the data of the present single-target displacement. The results of the 10°target displacement were suitable for a direct comparison to paradigm A and are shown in Fig. 6 . The graph shows the amount of adaptation and the relative handshift averaged for all subjects; the latter value was 15%, yielding a transfer rate of 18.5%. The grand averages of all three adaptation levels and the respective relative hand shifts are listed in Table 1 .
Coupling paradigm C
On examining the data obtained so far, we had some doubts as to a functionally meaningful modification of hand pointings under the strict conditions of adaptation transfer. Therefore, we performed an additional paradigm under conditions that were expected to facilitate handpointing modifications due to adaptation. Of course, these experiments were no longer suited to investigate adaptation transfer, as defined in the Introduction. In the preand post-adaptation periods, hand and gaze movements were required to be executed simultaneously, both starting from the same location in space (T 0 ) and aimed at the same peripheral target. The instruction to the subjects was that hand pointing and gaze shifts should be done in a quite natural manner, but visual feedback was still prevented and the peripheral target was switched off upon gaze-shift onset. During the adaptation phase, three double-step stimulations were used, with the target jumping either forwards or backwards during the saccade (saccade shortening and lengthening sessions, respectively). Furthermore, we tried to enlarge the expected "adaptation field" by making three LEDs of the eccentricities T 1 and T 2 , located on the inner, middle, and outer circle of LEDs, jump (see Methods). Repetitions (40 to 90) of each target pair were presented in random order.
For each experiment, the amount of adaptation, A, and the RHS for all three target jumps are shown in Fig. 358 The insets in A and B illustrate experimental conditions; horizontal arrows indicate that the starting position of the hand movement was always T 0 , ×3 indicates that during adaptation three LEDs of the same eccentricity were lit simultaneously. CA-TI Subjects, subject DP: 120 adaptation trials, 270 in subject CA in the lengthening session, otherwise 180 trials 7, grand averages are given in Table 1 . The data show that the amount of adaptation seemed to increase with eccentricity, and in general it was lower and more variable than with the single-step stimulations used in the transfer paradigm. Because of the influence of target eccentricity on adaptation rate and in order to compare transfer and coupling paradigms, we focused on the amount of adaptation in trials with target displacements from 30 to 20°a nd 30 to 45°, and on the RHS of hand pointings to the 30°target. Under these conditions, the mean adaptation level in the saccade shortening session was 59% and the mean RHS was 28% (the middle column for the data in each subject in Fig. 7A ). The average coupling rate (CLR) was 52.5% of the amount of adaptation. In the saccade-lengthening session (displacement from 30 to 45°), the mean amount of adaptation was 61% and the RHS was 4% (right set of data for each subject in Fig. 7B ). The respective percentage of hand pointing modified was again very low. The large value of 68.5% for the CLR at the target jump from 20 to 30°is strongly influenced by the deviating amount of adaptation in subject I (middle column in Fig. 7 ). It represents a meaningless result.
Discussion
The influence of short-term saccadic gaze adaptation on hand movement has been investigated to determine whether saccadic adaptation modifies goal-directed hand movements. If so, this would mean that adaptive processes are not restricted to the sensorimotor system exposed to the conflict, but lead to a larger perceptual reorganization or a reinterpretation of a general spatial map (Jeannerod 1988) . Conversely, a lack of modification after adaptation would mean that adaptation is limited to the oculomotor system, at least under the conditions used to test hand pointing responses in the present report. Our general answer to this problem of intersegmental shift due to adaptation was that a weak adaptation transfer was present, but seemingly too small to have a clear functional meaning for gaze and hand coordination. A task requiring simultaneous gaze saccades and hand pointing movements provided the largest relative hand shift for a gain shortening adaptation but still failed to produce a consistent change in hand pointing for a gain lengthening adaptation.
Amount of adaptation
In the transfer paradigm with single stimulus adaptation (double-step stimulation at a single eccentricity), both saccade shortening and lengthening yielded adaptation of 80-90% within about 200 trials. Thus, the effectiveness of our adaptation protocol appears to be the same for increasing as for decreasing gaze-saccade amplitudes. This is in contrast to earlier findings showing that saccadelengthening adaptation yielded a smaller effect or required many more trials than saccade shortening (Miller et al. 1981; Deubel et al. 1986; Semmlow et al. 1989) , but see Albano (1996) . The different time constants of adaptation have been explained by a putative role of adaptation mechanism in preventing saccadic overshoot, favoring saccade amplitude reduction (Deubel et al. 1986; Becker 1991) . Instead, the similar effectiveness of adaptation paradigms in producing saccade shortening and lengthening (Albano 1996; present data) and the existence of saccadic adaptation to directional changes (Deubel 1987) suggest a more general process.
Probably, short-term adaptation continuously readjusts saccade parameters to bring the target's retinal image in or close to the fovea by means of a single saccade. We have no definitive explanation for the discrepancies among the various investigations, but it appears that the time-course of saccadic adaptation may depend on experimental conditions. The fact that our subjects executed gaze and not solely eye movements during adaptation is one possible explanation. In another series of gaze shortening adaptation experiments (De Graaf et al., in preparation) , we observed that the adaptation level achieved with the head unrestrained did not differ from that achieved in a head-fixed condition, but the comparison between headfixed and head-free conditions has not yet been performed for gaze-lengthening adaptation. In our present study, the eccentricity of the stepping targets differed from that of previous investigations (mainly below 20°) and could favor saccade-lengthening adaptation towards values usually observed for saccade shortening. In some recordings, we checked whether the head component of gaze was altered along the adaptation period. The results seen so far showed no clear effect. A detailed study of this question, however, was beyond the scope of the present report.
Adaptation transfer
At first glance, our data show that hand pointing performed after saccade shortening periods were significantly different from pointing movements before adaptation. This was observed for both the single-and triple-step adaptation paradigms A and B. In both cases, the relative hand shift was in the direction expected from adaptation transfer, 11% in the single-step paradigm (A) and 15% in the triple-step paradigm (B) at the corresponding 10°tar-get displacement. When computed with respect to the gaze adaptation level, the amount of transfer represented not more than 15% in the single-step paradigm and about 18.5% in the triple-step paradigm. The weakness of the effect under single-step conditions is not related to a narrow spatial range of adaptation, since data were analyzed from pointing movements directed to the initial position of the double-step stimuli.
Furthermore, in paradigm A, our results were totally asymmetric with respect to shortening and lengthening sessions, showing no transfer, at least, for lengthening. Searching for a reason, we conducted the control experiments ( Fig. 2B ) with null adaptation and computed the respective 'pseudo-RHS'. The experiments consisted of the same gaze movements as paradigm A, but without adaptation: if modifications in hand pointing would have been exclusively related to adaptation, hand shift should not have been observed. In fact, a slight leftward and backward shift appeared. For the six (out of the nine tested) subjects that participated in both the null-adaptation paradigm and transfer experiments, on average, very similar values for the pseudo-RHS and the true RHS were obtained: 9.4% in null experiments and 10.7% in the transfer data. Practically, this would eliminate any hand pointing modification that can be attributed to transfer of saccadic adaptation under the single stimulus adaptation paradigm. The first tentative explanation for RHS in the null experiment is a possible fatigue effect. However, such an effect should mainly be observed on the amplitude of the egocentric pointings, which contrasts with the very small (1.6%) hand-movement shortening in the radial direction measured between pre-and post-test in the null adaptation paradigm. Regardless of the origin of this effect, one should be cautious when speaking of a transfer after the sole observation of a significant RHS in the transfer paradigm, and indeed no positive correlation between the amount of adaptation and RHS was seen.
In conclusion, based on the present approach with different kinds of paradigms, control experiments, and the computation of adaptation and relative hand shift, we found a weak transfer of short-term saccadic gain adaptation from gaze to the hand movements, but could not prove a consistent nature. In a recent study (Kröller et al. 1996) , we could not find evidence of transfer of saccade shortening to orienting head movements. Therefore, the data available so far seem to indicate that adaptation of saccadic eye movements does not reliably affect the skeletomotor system under the transfer conditions, as defined in the Introduction. Surely, another explanation of our results could be that we have not yet found the experimental conditions under which a transfer could clearly be revealed. Then, one can only repeat that the number of jumping targets used for adaptation might be a relevant factor. One can consider that inter-segmental transfer requires some degree of spatial generalization or coherence, a condition that is better met in the triple-stimulation adaptation of paradigm B than in the single-or double-stimulation paradigm (Kröller et al. 1996) . At present, this idea awaits further investigations using other adaptation tools, like magnifying lenses (Gauthier and Robinson 1975) , allowing a broad spatial generalization.
According to the definition given in the Introduction, adaptation transfer is a special case of internal transmission of stored information from gaze to hand motor systems. After we did not see convincing and functionally significant adaptation-dependent modifications of the hand pointing movements under the transfer conditions described, we abandoned the narrow conditions of adaptation transfer and tried to find others suitable for enhancing modifications of hand-pointing movements by gaze adaptation.
Adaptation-related hand shift under coupling conditions
For this purpose, we tested the effect of gaze adaptation on the hand motor system when eye and hand movements were simultaneously involved in pointing tasks. The questions was whether, after saccadic adaptation, a coupling between the oculomotor and the hand motor response appeared when both were initiated synergistically. In particular, we wanted to know whether the difference between lengthening and shortening sessions remained. In other words, was the modified oculomotor output read out by the skeleto-motor system in initiating a hand movement towards the same stimulus that triggered the saccade? The answer was that a significant RHS of 28% was observed in the saccade-shortening paradigm. This can be interpreted as a meaningful shift under oculo-manual coupling, as the coupling rate was 52.5%. However, the respective RHS in the lengthening session was 4%, which, although in the direction anticipated, was still too small to have a functional impact. In these coupling experiments, we had enlarged the adaptation fields by letting three LEDs jump at a time. This could also explain the larger RHS observed, but nevertheless was unable to create a relevant RHS during lengthening. It seems that the gaze saccade-amplitude signal could be transmitted to the hand motor system, but why it was only for decreasing gain adaptation remains unexplained.
The only partial and non-systematic transmission of information from the gaze control system to that of the hand also contrasts with many previous studies (Hanson and Skavenski 1977; Prablanc et al. 1979; Biguer et al. 1984; Mather and Fisk 1985; Pélisson et al. 1986; Carnahan and Marteniuk 1994; Gentilucci et al. 1994; Vercher et al. 1994) , which have shown that allowing eye and/or head movements greatly improves the accuracy of hand pointings without vision of the hand itself. However, this lack of clear coupling between eye saccade and hand pointing might be explained by a recent study that showed that the gaze-position signal without a foveal stimulus loses most of its accuracy (Blouin et al. 1995) . If the ultimate role of foveation was to guide the hand to the target, independent from the hand visual reafferences, this could explain why we did not systematically observe a coupling between gaze and hand and a corresponding pointing shift after adaptation. On this basis, one could design a more sophisticated pre-and post-adaptation in a control experiment. Then, instead of cutting off the stimulus at saccade onset during the coupling responses, the stimulus would be replaced at the end of the saccade by a transient foveal stimulus, which would give its accuracy to the eye position signal. Independent from the technical complexity, this procedure could modify the normal state of the oculomotor system prior to the pre-adaptation test itself, but also mostly destroy the adapted state in the first trials of the post-test.
Concluding remarks
In contrast to our results, adaptation of smooth-pursuit eye movements has been shown to clearly transfer to hand movements (van Donkelaar et al. 1994) . In this study, subjects manually tracked a visual target in peripheral vi-sion while keeping their eyes fixated on a central target. The difference between these results and ours might be explained either by the type of eye movements (smooth pursuit versus saccades) or by the manual responses investigated (tracking versus pointing). Indeed, as the two oculomotor systems are differently organized and use different types of visual information (mainly velocity versus position signals), adaptation of these two ocular responses may be independent. Alternatively, a larger transfer of smooth-pursuit adaptation to hand tracking movements may reflect the possibility that eye and hand are usually coupled more strongly during a tracking task than during a pointing task. This second possibility could be tested by investigating whether smooth pursuit adaptation can also transfer to hand pointing movements.
Regarding the location of the adaptation-eliciting processes in humans and monkeys (Fitzgibbon et al. 1985; Goldberg et al. 1993; van Opstal 1994, 1997; Fuchs et al. 1996; Melis and van Gisbergen 1996) , our data partly correspond to the considered downstream position along the oculomotor pathway: under strict transfer conditions, hand-and eye-control circuits are largely separated at the site of adaptation implementation. Then, adaptation-dependent shifts in the hand pointings should also not exist in the coupling paradigm; however, it does so at least partly. The observed hand pointing modification after shortening gaze adaptation under coupling conditions could give a hint that a cortical component could play a role; for inter-saccadic transfer, the FEF was considered to play a role (Fitzgibbon et al. 1985; Melis and van Gisbergen 1996) . In transfer paradigms, modified vision and eye movements could affect the handpointing under two assumptions: The superior colliculi involved, and the impact of superior-colliculus-activity on hand movements, found in rhesus monkeys (Werner 1994 ) also exists in humans. Then, similar to the monkey (Fuchs et al. 1996) , in humans transfer should also exist among different types of saccades. The lack of such inter-saccadic transfer in humans (Erkelens and Hulleman 1973; Deubel 1995) , and as reported by others in monkeys (Melis and van Gisbergen 1996) , however, still more complicates the findings obtained so far and could indicate differences between human and monkey collicular organization. Right now, further data are required to clarify these points before a full comprehension of short-term saccadic adaptation and its transfer is possible.
